Introduction
The use of consensus sequences (sometimes referred to as profiles) to summarize the common features of a set of aligned sequences is widespread, but the rules and methods used to do this also vary widely. One possibility is to show completely conserved amino (or nucleic) acids in upper case and the most common amino (or nucleic) acid, if it occurs with more than a certain frequency, in lower case (e.g. Simpson et al., 1997) . In other cases, a character representing some form of conservative grouping, such as hydrophobic amino acids, may be used (e.g. Hunkapiller and Hood, 1989; Bork et al., 1994) . Positions where a consensus cannot be determined might be marked by an X, a blank position or an indication of a variable number of elements that can occur between the specified ones. When a consensus symbol is determined, it is generally not clear with what frequency that symbol occurs in the data set. If a grouping symbol is used, it will usually not be clear whether all members of the group occur at that position or if there is a preference for certain members of the group over others. One option to address this is to list, ordered by frequency, the elements that can occur at a position where a group consensus character might be appropriate (e.g. Harpaz and Chothia, 1994) . However, the extent of the preference for a particular sequence element is lost.
Some graphical versions of consensus sequences which provide more precise information on the underlying frequencies of the sequence elements have also been developed. Hawley and McClure (1983) used a histogram of the occurrence of the most common sequence element along with a sequence line indicating strongly and very strongly favoured elements. A related approach, where the most common sequence element is presented as a character scaled by its frequency of occurrence, if that frequency is greater than a cutoff value, has also been used (Reznikoff and McClure, 1986) . The most detailed presentation of consensus sequences reported so far appears to be the sequence logos of Schneider and Stephens (1990) . In these logos, the sequence elements at each position are presented as a stack of characters, scaled and ordered with respect to each other by their frequency of occurrence and with the stack scaled by the information content [measured using the formulation of Shannon (1948) ] at the position (Schneider and Stephens, 1990) . Thus, logos show the sequence elements and their relative frequencies, and give a measure of the level of conservation at a sequence position.
While sequence logos (Schneider and Stephens, 1990) address many of the problems with character-based consensus sequences noted above, there are some limitations in the method. Scaling the stack of characters based on the information statistic means that although the frequencies of sequence elements within a stack can be compared, it is difficult to compare frequencies of sequence elements across stacks. Another drawback of the character scaling technique is that all the characters are distorted, which will be disconcerting to some users, and characters in stacks of relatively low information content can become extremely difficult to read. In a recent report, Parker and Hefford (1997) have examined consensus residues in helix capping positions in proteins. They presented the occurrence of residues in the helix capping positions as a three-dimensional histogram of frequencies. While this gives an impression of the range and scale of variation at each position examined, a histogram in one position can easily obscure those at other positions, precise frequencies are difficult to extract and the form of presentation is not suited to large numbers of sequence positions.
We have developed a method to display consensus sequences which attempts to overcome the difficulties of current methods while presenting as much information as possible in a clear form. This method is based on selecting the major components at a sequence position and displaying them both graphically (as frequency histograms) and in character form. In this way, the most important aspects of variability, along with their absolute frequencies, are delineated and colour coding can be used to signify conservative groupings. Information statistics can also be presented to provide a mathematical measure of the variation at a position, and minor components and elements not observed at a position may also be shown. A range of formatting and control options allow the data presented to be arranged and tailored to a user's particular requirements.
Systems and methods
An ANSI standard C program and a PostScript program are used to present the consensus sequences. The C program produces PostScript output which is combined with the PostScript program for printing or viewing. The C program has been tested on DOS and UNIX systems, and works as a command line program requiring input, output and parameter files. The input file consists of the percentages of occurrence of each sequence element at each position and this is passed through to divide the sequence elements into the userdefined (by percentage occurrence) categories of major, minor and not observed components. Information statistics (see below) are also calculated from the percentages of the sequence elements and consensus characters are determined based on user-supplied groupings and parameters. The PostScript program will then print out the requested data items.
Information statistics are calculated based on the entropy formulation of Shannon (1948) as discussed by Schneider and Stephens (1990) . Individual information and group (or conservative) information (where individual sequence elements are replaced by conservative groupings) statistics and a change in relative information can be shown. The change in relative information is the difference between the group and individual measures, scaled with respect to their maxima. It indicates that substitutions at a position are conservative if the measure is positive or non-conservative if it is negative. These equations, which are given below in a form suitable for amino acids, allow the variation at a position to be quantified for individuals, groups and/or as the extent to which the variation at a position is influenced by conservative substitutions.
where H(i) is the entropy defined over the amino acids (or sequence elements), H G (i) is the equivalent entropy measure summed over the conservative groups, K(i) is the individual information, K G (i) is the group information and δK R (i) is the change in relative information. The numbers 20 and 8 are used assuming, as an example, that the 20 amino acid codes are used and the amino acids are grouped by similar prop-
Implementation
The C program will either request, or take as command line parameters, the names of three files. The first file contains the percentage occurrences of the sequence elements, the second will hold the output PostScript commands and the third contains the parameters to specify the user's requests. The file of sequence element percentages should contain a line with a header, to be printed on the output, and a line containing the sequence alphabet, which is followed by the data lines which consist of a label for the sequence position and the percentages for each sequence element. These must be in fixed format, but the column widths can be specified as parameters, as can the positions of the header and alphabet lines. The PostScript program will be included in the output from the C program if the PostScript program is in the current directory or is identified by an environment variable. All the possible output from the C program is included in the PostScript output file whether or not the user requested it. The display is then controlled by a number of true/false flags in the PostScript file which can be altered if desired. As far as possible, the output from the PostScript program has been made modular so components can be added or removed from the display at will by altering these flags. For example, if only major components were requested initially, minor components and information statistics can be added and the major components deleted by altering as few as three of the true/ false flags in the PostScript output. The arrangement of sequence elements into consensus or information groups is controlled by user-supplied parameters, as are the colouring options. The parameter file consists of lines containing a key-word followed by an appropriate parameter value, usually a number or true or false. Default values suitable for protein sequences are set in the program in case parameters are not specified. Figure 1 illustrates the use of the program on 699 immunoglobulin λ-light chain variable domains taken from the Kabat database of sequences of proteins of immunological interest (Kabat et al., 1991;  http://immuno.bme.nwu.edu/). The percentage occurrences of each amino acid at the sequence positions were calculated based on the alignment of the sequences that is contained in the database. Only the region from the D-strand to the G-strand just before the G′-strand is used in this example. The major components (those occurring at ≥10% frequency) are shown in the figure as both colour-coded histograms of their frequency of occurrence and as an ordered, alphabetical list. Also contained in the figure are the minor components (those that occur with <10% frequency), a one-line consensus sequence, and individual and group information statistics (as defined in Systems and methods), scaled to their respective maxima. The vertical bar to the left of the histogram from sequence position 89 onwards indicates that there are missing values in the data set at these positions. The height of the bar indicates the percentage of the sequences which contain valid data and the histograms can either be shown scaled to the complete data set (as in this example) or scaled to the available data. Sequence positions 95C-95F have been omitted from the display as they contain gaps and/or missing data above a user-specified limit.
Discussion
From the histogram display, a clear impression of the strongly conserved and variable sequence positions can be gained, as well as the proportions of the major components at each position. By colour coding the histograms, to reflect groupings of amino acids with similar physicochemical properties, several important features of the sequences or underlying three-dimensional structure can be obtained. For example, the pattern of alternating hydrophilic/hydrophobic amino acids, seen in the inner strands of β-sandwich proteins, is made obvious by the alternating pattern of cyan and magenta histograms from positions 70 to 76 which correspond to the E-strand of the immunoglobulin domain. Another readily recognizable feature is the cluster of negatively charged residues (positions 81-83) which are part of the 3 10 helix immediately before the F-strand. In the character presentation of the major components, the components are ordered by decreasing frequency, from top to bottom, so that the top line represents a form of consensus sequence whereby the most common sequence element at a position becomes the consensus element. A sequence can be aligned to the set of sequences or checked for unusual elements by threading it through the character listing of the major components.
A more conventional form of consensus sequence is also provided in Figure 1 . If an individual residue or a group of major component residues exceeds a user-supplied cut-off value, then a consensus element is defined and presented. A '′' character is used to indicate that there are other major components, at the position, which are not covered by the consensus symbol. Consensus groups are defined by the user as parameters to the program and those used in this example are given in the legend to Figure 1 . Histograms showing the individual and group information (see Systems and methods) are shown at the bottom of the figure. These provide a mathematical measure of the conservation at each sequence position and the histograms have been scaled to their respective maxima (4.32 and 3 in this example) for comparative purposes. Individual information is shown in the first histogram (rising hatch lines) and group information in the second (falling hatch lines). The effect of conservative or non-conservative substitutions can be gained by examining the difference between these histograms. Position 78, for example, tolerates conservative substitutions and this is indicated by the normalized group information statistic being considerably larger than the corresponding individual information statistic.
This technique for presenting consensus sequences also provides a useful method for comparing related sets of sequences so that regions of similarity and difference can be determined along with the type of variation that occurs. To illustrate this, the neurotransmitter-gated ion-channel signature region, ProSite pattern PS00236, was examined. A group of 90 anionic channel forming receptors (called the GABA-related group) which included γ-aminobutyric acid (GABA), GABA-like, glycine and glutamate receptor sequences, taken from GenBank (Benson et al., 1997) , and a group of 102 cationic channel forming, nicotinic acetylcholine (ACh) receptor sequences, taken from SwissProt (Bairoch and Apweiler, 1997) , were used. Figure  2 shows the resulting consensus patterns with the GABA-related sequences on the left and the ACh sequences on the right. The first cysteine of the pattern is numbered 0 and the second is, therefore, numbered 14. While the features as defined in the ProSite pattern (hydrophobic amino acids at positions 2 and 4, Phe or Tyr at 7, Pro at 8, Asp at 10, Cys at 0 and 14) are clear, many more detailed observations are possible from the form of presentation in Figure 2 . For example, the GABA-related group shows a strong preference for Met and Leu at positions 2 and 4, respectively, while the ACh sequences prefer Ile and Val. The ACh group rarely tolerates other than Phe at position 7 or Gln at position 12, while Tyr and His are relatively common, respectively, in the GABA-related group. Another notable difference occurs at positions 6 and 9, which flank the [FY]P residue pair of the Fig. 1 . Consensus sequence display formed from 699 immunoglobulin λ-light chain variable domains. The region from the D-strand to the G-strand is shown. Major components, in histogram and character form, are presented along with minor components, a one-line consensus sequence, and individual and group information statistics. Major components were determined as those amino acids that occur with ≥10% frequency and minor components are the other amino acids that are found in the sequence set at that position. The consensus group symbols used were defined as follows: DE, acidic, α; KRH, basic, β; AILVM, aliphatic, ϕ; FWY, aromatic, ρ; ST, hydroxyl, λ; NQ, amide, µ; DENQ, acid/amide, υ; AILVMFWY, hydrophobic, θ; DENQKRHST, polar, π; DEKRH, charged, χ; AG, tiny, τ. A consensus element or grouping was determined if it occurred with >50% frequency. A '′' character indicates that a major component outside the consensus grouping is found at that position. The vertical bar seen from position 89 onwards indicates that there are missing data at these positions and the height of the bar gives the percentage of sequences in the set which contain valid data. Sequence positions where >70% of the sequences contain gaps or missing data were omitted from the presentation. All the parameters and groupings specified here can be selected by the user to suit their needs.
ProSite signature. In the GABA-related group, position 6 is not well conserved, with charged or polar residues being dominant, while in the ACh receptors either an aromatic or imidazole ring appears to be required in this position. Position 9 in the GABA-related group requires the long hydrophobic amino acids, Met or Leu, but Phe is required in the ACh receptors. This demonstrates the efficiency of this method in facilitating the visualization and interpretation of comparative data sets. Figure 3 illustrates the use of the technique on RNA sequences. An alignment of 103 bacterial RNase P sequences was taken from the RNase P database (Brown, 1997) and a fragment corresponding to positions 225-242 in the Escherichia coli sequence was analysed. This fragment runs from J14/11 to P7 in the RNase P secondary structure (Brown, 1997) . In this example, the only consensus groupings defined were for purine (R) and pyrimidine (Y) bases. Although only the major components and one-line consensus sequence are shown in the figure, the other features of the program could be presented if required. It can be seen that the method is as effective with nucleic acid sequences as it is with protein sequences.
A similar approach to the major component strategy developed here was used by Taylor (1986) to develop a consensus template alignment method. Structurally conserved elements were identified in proteins of related structure and then the sequence variation in these proteins, augmented by alignment to sequences of unknown structure, was determined. The resulting templates, which contained the most common sequence elements or conservative groupings at a sequence position, are similar to the character representation of the major components developed in the method described in this paper. Taylor (1986) used these templates as a means to identify homologous proteins. An approach to identifying unusual residues or sequencing errors in immunoglobulin heavy and light chain variable domains, as well as aligning a sequence to the known immunoglobulin sequences, has been developed by Martin (1996) . This technique is based on Fig. 2 . Major components and a one-line consensus sequence for two sets of neurotransmitter-gated ion-channel signature sequences. The γ-aminobutyric acid receptor-related sequences (anionic channels) are on the left and the nicotinic acetylcholine receptor sequences (cationic channels) are on the right. Differences between the two sequence sets can readily be determined from the figure. All the parameters used to produce the figure are as described in the legend to Figure 1 . Fig. 3 . Major components and one-line consensus sequence for a fragment of RNase P sequences. The numbering corresponds to the E.coli sequence. The consensus symbols R and Y represent purine and pyrimidine, respectively. All other parameters are as described in the legend to Figure 1. the occurrences of amino acids at each position of an alignment of the known sequences and is similar to the threading of a sequence through the major components, suggested above, as a means of identifying unusual residues and aligning a sequence. Other methods of evaluating the variability at a sequence position, such as that proposed by Dopazo (1997) recently, may be implemented as an alternative to the information statistics.
Conclusion
We have developed a method for presenting consensus sequences based on a major component approach which is able to provide a considerable amount of information, in a clear and accessible way, on the family of sequences being examined. This method overcomes many of the problems associated with other ways of presenting consensus sequences, such as loss of information and difficulties in graphical presentation. As shown in Figure 1 , the method allows the extent of variation or conservation throughout the sequence set to be readily visualized and sequence patterns corresponding to structural features can easily be recognized. Another useful aspect of this method is the ability to compare different sets of related sequences. This was demonstrated in Figure 2 for two sets of sequences containing the neurotransmitter-gated ion-channel signature sequence. It was possible to identify the different amino acid preferences in each group of sequences by a rapid examination of consensus sequences generated using this method. The programs described here provide a useful addition to the currently available techniques for presenting consensus sequences and are available, on request, from the authors.
